ߜ This paper presents a complete method for performing trigeminal thermorhizotomy, guided by neurophysiological data, to relieve tic douloureux. The method involves the use of trigeminal evoked potentials (TEPs) produced by stimulation of the supraorbital, infraorbital, and mental nerves and recorded from electrodes at both the scalp and the trigeminal nerve. To perform the thermorhizotomy, a cannula is modified to produce a concentric bipolar electrode that is suitable for both recording and lesion making. The operating procedure is divided into five steps:
T is now generally acknowledged that trigeminal neuralgia should be regarded as a syndrome with several possible underlying causes, and that the old distinction between "essential" and "symptomatic" neuralgia should be considered with caution. The use of the two terms is conventionally based on the absence or presence of gross lesions. However, there is now pathological and electrophysiological evidence suggesting a common mechanism for trigeminal neuralgia from any lesion, based on a moderate demyelinating process of the proximal part of the retrogasserian root or of its entry zone. Whether this is due to unknown causes, multifocal inflammatory demyelinating diseases (such as multiple sclerosis), or mild compression by vessels or tumors, the result may be the same: an annoying tic douloureux in the absence of other neurological signs. Theoretically, whenever a compression of the trigeminal root is suspected, a posterior fossa exploration should be performed. But if no large or fast-growing space-occupying lesions can be demonstrated, a retrogasserian rhizotomy procedure is often preferred. Such choice is motivated by the simplicity of these procedures and by their suitability for elderly people, who may not easily tolerate major operations.
Among the percutaneous procedures of retrogasserian rhizotomy, radiofrequency coagulation is the most selective and provides the best control of the lesion. Until now, these two advantages have been underused because the technique of positioning the needle and monitoring the extent of lesion relying only on the patient's subjective judgment has been approximate and not very reliable. Other drawbacks of the procedure are the great discomfort to the patient who must be conscious and cooperative during parts of the operation to report sensations, and the time wasted because of the need to administer intermittent anesthesia. The very process of repeatedly inducing anesthesia may make the patient's report unreliable. The technique would be much improved if a series of electrophysiological procedures aimed at monitoring the various steps of the operation could be quickly performed without needing cooperation from the patient. This can now be achieved by the use of an appropriate technique to evoke trigeminal potentials.
It has been demonstrated recently that stimulation of the peripheral trigeminal branches gives rise to very early responses recordable from the scalp, which reflect the activity of the afferent pathway from its entrance into the skull up to the brainstem. [7] [8] [9] 13 It has been suggested since 1986 that these trigeminal evoked potentials (TEPs) could be used to monitor the positioning of the needle and the extent of the lesion. 5 The intraoperative recordings report-ed at that time were aimed at demonstrating the origin of the scalp-recorded waves after stimulation of the infraorbital nerve and not at ascertaining the usefulness of TEPs for the purpose described above. A few attempts at using the TEPs for lesion monitoring have been made, but none of them has ever fully developed the technique. [1] [2] [3] [4] Also, in some cases it was possible that the recorded electrical events were artifactual and therefore not reliable. In this paper we present a reliable, complete method to perform the thermorhizotomy operation guided exclusively by electrophysiological data, with no need for patient cooperation.
Clinical Material and Methods

Stimulating Technique for TEPs
All of the following procedures for obtaining evoked potentials by stimulation of the trigeminal branches were performed at various stages of the operation after the patients had been anesthetized. The detailed techniques for inserting the stimulating electrodes have already been described, 9, 12, 13 so only a brief account will be given here. The supraorbital nerve was stimulated by means of two needle electrodes, each with a diameter of 0.3 mm and length of 25 mm, which were insulated with Teflon and had a bare tip of 0.56 mm 2 . The supraorbital notch was palpated, and the electrodes were inserted horizontally, in a backward direction, just underneath the eyebrow. The electrodes were kept very close to each other, approximately 1 mm apart, and they were pushed into the nerve groove to a depth of 3 to 4 mm, just enough to ensure selective stimulation of the nerve, while avoiding costimulation of superficial muscles even at high intensities.
The infraorbital nerve was stimulated with similar electrodes having a length of 37 mm. This foramen is the largest of the three and the easiest to penetrate, provided the electrodes are oriented correctly. To do so, we pierced the skin at the nasolabial sulcus, just lateral to the ala nasi, then proceeded laterally toward the orbit until the zygomatic bone was met. A sensation of sudden advancement was usually experienced when the electrodes entered the foramen; they were inserted to a depth of approximately 5 to 6 mm.
The mental nerve was stimulated with electrodes identical to those for the supraorbital nerve; insertion into the mental foramen was more troublesome because this has a U-shaped entrance and may be displaced in elderly patients who have a hypotrophic lower jaw. We usually inserted the needles 1 cm below the external angle of the commissura labii and proceeded at an angle of 45˚, downward and backward, until the tips reached a point situated on the jaw, approximately 2 cm below the first premolar tooth. The foramen is visible at x-ray examination, and sometimes we used these x-ray films to find the point. We were able to insert the electrodes approximately 2 to 3 mm into the foramen.
The three pairs of electrodes were connected to separate constant-current stimulators. One of the three sites was stimulated at a time, with pulses 0.05 msec wide, delivered at the rate of 5/second. Current intensities were just supramaximal with respect to the amplitude of the scalprecorded response. The average stimulating intensities were 4.0 mA for the supraorbital, 3.2 mA for the infraorbital, and 4.8 mA for the mental nerve.
Trigger areas within the trigeminal territory were selectively stimulated by means of surface electrodes. The electrodes were two silver balls with diameters of 2 mm each, spaced 4 mm apart, attached to an insulated handle. The stimuli had a pulse width of 0.05 msec and were delivered at a rate of 5/second, at an intensity of 4 mA. This stimulation was used exclusively for performing Step 2 of the procedure; that is, the fine positioning of the trigeminal needle. It is important to note that this technique of surface stimulation is only suitable for recording evoked activity from the trigeminal electrode and not for recording far-field activity from the scalp.
Technique for Scalp Recording of TEPs
Scalp records were taken from only one derivation, with the active electrode at the vertex and the reference over the spinous process of C-7, regardless of the nerve stimulated. The signals from the electrodes were fed into a differential amplifier with a gain of 500,000 and processed by computer for averaging approximately 100 responses. Usually a higher number of responses was not necessary because recordings were made in anesthetized patients in whom no muscular noise was present. Therefore, the process of obtaining a good scalp recording only took approximately 20 seconds per stimulated site or 60 seconds in all.
The detailed descriptions of the scalp-recorded trigeminal potentials evoked by the three peripheral trunks have been published previously. 8, 9, [12] [13] [14] It may be useful to summarize here that they are formed by a series of very early components, the most important of them being the first three. These components are called SW 1 (0.95 msec), SW 2 (2.20 msec), and SW 3 (2.89 msec) when obtained after stimulation of the supraorbital nerve; W 1 (0.90 msec), W 2 (1.84 msec), and W 3 (2.54 msec) when stimulating the infraorbital nerve, and MW 1 (1.90 msec), MW 2 (2.75 msec), and MW 3 (3.50 msec) when stimulating the mental nerve. It has been demonstrated that the infraorbital nerve W 1 originates from the proximal part of the maxillary nerve, W 2 from the retrogasserian root, and that W 3 is generated by the afferent fibers at some site between the entrance to the pons and the sensory brainstem nuclei. 5 Although no direct evidence has been provided about the origin of the components related to the stimulation of the supraorbital and mental nerves, it is thought that they reflect equivalent sites of origin. 9, 13 For the sake of simplicity, the scalp-recorded TEPs will be referred to in this text as "scalp TEPs."
Technique for Depth Recording of TEPs
Direct recording of the evoked afferent activity from the proximal part of the trigeminal branches, the gasserian ganglion, and the retrogasserian root was performed via the thermorhizotomy cannula, according to the technique described by Leandri and Campbell. 5 The thermorhizotomy cannula is insulated with Teflon, with a bare tip 5-mm long. A stylet or a thermocouple is usually placed inside the cannula. When we wished to make recordings we inserted a Teflon-insulated steel electrode with a 1-mm bare tip into the cannula, from which 1 mm of the elec-trode protruded. The bare tips of the cannula and of the inner electrode acted as recording surfaces and were not more than 1 mm apart. The inner electrode was connected to the noninverting input of the amplifier, whereas the cannula was connected to the inverting input. We called this set the "trigeminal electrode." Because of the short distance between recording surfaces, the trigeminal electrode had a high common mode rejection ratio and would be expected to record only electrical events in the immediate vicinity of its tip. Signals taken from the trigeminal electrode were amplified 100,000 times. Averaging of 10 to 20 responses was usually sufficient because of the very high signal-to-noise ratio. Recordings made using this technique will be referred to as "depth TEPs."
Stimulating and Recording Technique for Masseter Evoked Activity
Masseter motor evoked activity had to be assessed to ascertain the position of the trigeminal electrode relative to the motor trigeminal fibers. The procedure was performed at a low level of curarization, which was checked as follows. Before anesthesia was induced in the patient, two electroencephalographic electrodes were placed over the median nerve at the wrist on one side and a current pulse of 0.1 msec in duration was passed through them at the rate of 3/second to detect the threshold of visible contraction of the innervated muscles (mainly abductor pollicis brevis and opponens pollicis). To establish that curarization was low enough, the motor threshold had to be no higher than 50% of the original value.
Masseter motor evoked potentials were obtained by stimulation via the trigeminal electrode in bipolar constant-current configuration, so that the inner stylet was the cathode and the outer cannula the anode. Pulses had a duration of 0.1 msec and were delivered at a frequency of 3/second, with intensity starting at 0.1 mA and increasing to a maximum of 1.5 mA in increments of 0.1 mA. Masseter activity was recorded via two surface electrodes placed over the masseter muscle on the side of operation. The amplifier gain was set at 100,000. The amplitude of the evoked activity was measured as the vertical distance between the two largest peaks. The motor responses were also checked by using the more traditional technique of stimulating in monopolar constant-voltage configuration, with the cathode connected to the cannula and the anode to the patient pad. In this case, the stimuli had durations of 0.1 msec, with rates of 3/second and with a constant voltage ranging from 0.1 to 3 V.
Parameters of Lesion Making
A radiofrequency generator was used to induce the lesions. The current was delivered via the outside cannula, whose tip was bare for 5 mm, and the circuit was closed by means of a large pad attached to the patient's chest. A thermocouple monitored the temperature of the needle tip during the lesion making. Each lesion was made by heating the tip of the trigeminal needle to 70˚C for 60 seconds. For each patient no less than two lesions were necessary to achieve a satisfactory result.
Patients and Design of the Study
Prior to the study, 20 patients suffering from the essential form of trigeminal neuralgia in the second division (Table 1) were assessed to ascertain whether the position of the trigeminal electrode as determined by the electrophysiological methods that we propose in this paper would be in agreement with the information obtained by means of the traditional technique, which relies on the patient's report. The results obtained in this group of patients confirmed the findings already reported by Leandri and Campbell. 5 Peak-to-peak amplitude of the responses recorded from the trigeminal electrode was used as the main criterion for assessing its position relative to the stimulated trigeminal branches and was compared to the traditional method for eliciting subjective sensations of tingling after stimulation of the gasserian ganglion or root by the trigeminal needle. Sensation was graded from Ϫ (no sensation) to +++ (maximum sensation).
The primary study was conducted in 25 patients suffering from the essential form of trigeminal neuralgia in the second division and in five suffering from trigeminal neuralgia secondary to multiple sclerosis, which was also localized in the second division. The difference between this and the preliminary investigation was that thermolesioning of the trigeminal fibers was guided only by monitoring of the electrophysiological data because the patient underwent uninterrupted anesthesia until the end of the operation. The whole procedure was divided into five steps.
J. Neurosurg. / Volume 84 / June, 1996
Trigeminal evoked potential-monitored thermorhizotomy 931 
Steps of the Procedure
Step 1: Recording of Baseline Scalp TEPs. Before anesthesia was induced in the patient, the trigger areas and the most painful spots were marked with a soft pencil on the skin of the face. The motor threshold was checked after stimulation of the median nerve, and the patient was then anesthetized. The stimulating electrodes were placed in the supraorbital, infraorbital, and mental foramina. Scalp recordings of the early components were made.
Step 2: Stimulation of Nerve Trunks for Coarse Positioning of the Trigeminal Needle. The trigeminal electrode was inserted into the foramen ovale, with its tip just inside the cranial cavity. Its depth relative to the inner portion of the foramen ovale was evaluated by simultaneous visualization of an x-ray-opaque ruler positioned in the same plane as the trigeminal ganglion. The three peripheral trunks were stimulated, and recordings were made from the trigeminal needle while this was pushed forward toward the lateral projection of the clivus in increments of 5 mm.
Step 3: Stimulation of Trigger Areas for Fine Positioning of the Trigeminal Electrode. Surface stimulation of the most important trigger areas or painful spots was performed by means of the hand-held stimulating electrode, and the needle gently moved until a clear neurographic record could be detected. The tip of the trigeminal electrode was placed as precisely as possible near the fiber bundles that innervated the involved areas.
Step 4: Checking Motor Responses. We then checked that stimulation via the trigeminal electrode did not evoke responses from the masseter muscle. Recordings were made from the masseter muscle by means of electromyographic (EMG) surface electrodes.
Step 5: Checking the Effect of Thermolesions. Before any lesion was made, a fresh scalp TEP was obtained after stimulation of the infraorbital nerve to use as a template waveform for comparison. After each lesion a further scalp TEP was obtained to detect possible changes.
Scalp TEPs of Patients With Prior Surgery
Scalp recordings were also obtained in five patients in whom we did not perform thermorhizotomy, but who had undergone previous operations either with retrogasserian glycerol injection or thermocoagulation and developed complete hemifacial anesthesia. In these patients only the infraorbital nerve was stimulated. The aim of these recordings was to demonstrate the alteration of the TEPs when overextensive lesioning of the root had accidentally been performed.
Evaluation of Clinical Results
For the purpose of the present study, the pain intensity after 24 to 48 hours postoperatively was reported (see Table 4 , Column 6). Pain was graded as completely absent (0); very slight with no need for pharmacological treatment (✧); and present, either relieved (✧✧) or not relieved (✧✧✧) by pharmacological treatment. Subjective sensory impairment, strength of the masticatory muscles, and presence of the corneal reflex were checked postoperatively and reported. More detailed data on quantitative sensory testing pre-and postoperatively will be reported in a subsequent paper.
Statistical Analysis
One-way analysis of variance has been used for our data when applicable. Differences among means were defined as significant when the probability value was less than 0.01.
Results
Results of Preliminary Experiments
The trigeminal electrode had to be positioned as close as possible to the root fibers belonging to the second branch. In all but four patients good agreement could be found between the amplitude of the response recorded from the trigeminal electrode and the subjective referred sensation. Detailed data are reported in Table 1 . We realized that the subjective responses could be grossly misleading if the anesthetic effect had not fully faded away, so great care was taken that these patients had an adequate level of consciousness before being asked to localize the induced sensation. Nevertheless, in four instances, which are designated by question marks in Table 1 , we had subjective responses that did not point to any certain localization and therefore no agreement could be established between the subjective report and the electrophysiological data. In those instances the operation was then performed based on the TEPs localization method, with satisfactory results. In all cases in which a strong sensation (+++) was referred to the second branch, the amplitude of the depth TEP was larger than 32 V. 
Results of the Study
Step 1: Recording of Baseline Scalp TEPs. The responses recorded after stimulation of the three branches are shown in Fig. 1 ; they were similar in morphology, amplitude, and latency to those already described by Leandri and colleagues. 8, 9, 12, 13 Latencies of SW 1 , W 1 , and MW 1 were always within the normal range. 9, 12, 13 Even the latencies and amplitude of the later components SW 2 and SW 3 (from the supraorbital nerve) and MW 2 and MW 3 (from the mental nerve) did not exceed the upper limits of normalcy that we had temporarily set. 9, 13 After stimulation of the infraorbital nerve, abnormalities of the W 3 component were detected in eight cases with essential trigeminal neuralgia (W 3 was delayed in seven cases and grossly reduced in amplitude in one) and in all five cases of trigeminal neuralgia secondary to multiple sclerosis (it was missing in two cases and delayed in the others). Delays of W 2 were seen in three cases of essential trigeminal neuralgia, in which the W 3 component was also obviously delayed. All these abnormalities were referred to the normative data that has already been published on trigeminal potentials evoked by infraorbital nerve stimulation.
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Step 2: Stimulation of Nerve Trunks for Coarse Positioning of the Trigeminal Needle. The most important changes with respect to the position of the trigeminal needle were in the amplitude of the recorded waves. There were also slight changes in latency independent of amplitude. Figure 2 upper left shows the recording made from the trigeminal electrode 5 mm past the foramen ovale in Case 6. As expected, the response recorded after stimulation of the mental nerve was the largest one, followed in order of decreasing amplitude by the response evoked after stimulation of the infraorbital nerve and then by the supraorbital nerve. The response waveforms were also different. Stimulation of the mental nerve evoked a triphasic wave of negative, positive, and negative polarity, with a very large positive peak. Its mean amplitude was 35.1 V, and its mean latency was 2.4 msec. A number of small peaks were visible superimposed on the main wave and in the immediately following epoch, which obviously represented the activity of fiber groups conducting at different velocities. The responses after stimulation of the infraorbital and supraorbital nerves were biphasic, with positive, then negative polarity, and no clearly visible smaller peaks. Their respective mean amplitudes were 11.1 and 5.3 V, and the latencies were 1.09 and 1.65 msec. Details of amplitudes and latencies are shown in the first three columns of Tables 2 and 3 .
When the trigeminal electrode was pushed forward to 10 mm past the foramen ovale ( Fig. 2 upper right ; Case 6), the amplitude of the response recorded after stimulation of the mental nerve decreased remarkably, although it maintained the previous triphasic waveform (mean amplitude 12.7 V, latency 2.49 msec). The smaller peaks were hardly visible. Both responses after stimulation of the infraorbital and supraorbital nerves increased in amplitude, the first (mean amplitude 34.8 V) much more than the second (mean amplitude 7.2 V). The response after infraorbital stimulation kept its previous biphasic shape, and smaller peaks were easily visible in the following milliseconds. The latencies of these peaks showed a slight increase, with mean values of 1.19 msec for the infraorbital nerve and 1.70 msec for the supraorbital nerve. Details of latencies and amplitudes are shown in Tables  2 and 3 .
At the most forward position of the trigeminal electrode, 15 mm after the foramen ovale, a further increase in latency could be noted for the response from the mental, infraorbital and supraorbital nerves (mean latency values of 2.60, 1.29, and 1.80 msec). Figure 2 lower left shows the readings from Case 6 at this site. Here the mean amplitude of response from stimulation of the mental nerve reached its minimum (mean amplitude 7.2 V). The response after stimulation of the infraorbital nerve had an amplitude of 27.3 V, lower than the one at the position 5 mm deep in the foramen ovale. However, in three patients the largest amplitude of the response from the infraorbital nerve was attained when the trigeminal needle reached a position 10 mm deep in the foramen ovale (marked with daggers in Column 9 of Table 2 ). The presence of smaller peaks paralleled the behavior of the main response amplitude. When the latter decreased, the smaller peaks were hardly detectable, whereas in those three patients in whom amplitude increased, the small peaks were best seen at this position. The response evoked by stimulation of the supraorbital nerve reached its maximum amplitude here in all cases. Smaller peaks could be detected in nine cases. Details of amplitudes and latencies are shown in Tables  2 and 3 .
On the basis of the data outlined above, a rough scale for estimating the satisfactory position of the trigeminal electrode with respect to the target division was established. It was agreed that very good positioning (graded ߛߛߛ) would be defined by those responses from the same electrode with amplitude greater than 38 V, satisfactory positioning (ߛߛ) would be indicated by responses with amplitude between 29 and 38 V, and poor positioning (ߛ) by responses 28 V or less. The results given in Table  4 are graded according to this scale. Additional information may be obtained by calculating the approximate conduction velocity of the afferent fibers along the trigeminal root. As the tip of the trigeminal electrode was advanced by a total distance of 10 mm, there was an increase in the mean latency of the response of 0.2 msec after stimulation of the mental nerve, of 0.2 msec after stimulation of the infraorbital, and of 0.15 msec after stimulation of the supraorbital nerve. With due caution, because of the very short distances and epochs involved, and because of the possibility that the configuration of the recording electrode and its orientation relative to the fiber direction may affect the measurement, the respective conduction velocities can be approximated at 50 m/second for the fibers from mental and infraorbital nerves, and 66 m/second for the supraorbital nerve.
Step 3: Stimulation of Trigger Areas for Fine Positioning of the Trigeminal Electrode. Surface stimulation via the hand-held electrode activated only a small number of afferent fibers, and no response could be recorded from the scalp, even if the analysis time was extended to 50 msec (this datum confirmed the finding reported by Leandri, et al. 14 ). The electrical field generated by the charge traveling through the sensory fibers was very limited and could be recorded only if the tip of the trigeminal needle was immediately adjacent to the activated fibers. Responses at 10 mm past the foramen ovale. The largest response here is the one evoked after stimulation of the infraorbital nerve, because the tip of the trigeminal electrode is nearest the second branch fibers. Lower Left: Responses obtained 15 mm past the foramen ovale. The response after stimulation of the infraorbital nerve is still the largest of the three, but there is a definite increment in amplitude of the response after stimulation of the supraorbital nerve while the trigeminal electrode is approaching the fibers of the first branch. Lower Right: Responses recorded 10 mm past the foramen ovale. The trigeminal electrode has been kept at the same site while the surface-stimulating electrodes on the upper lip were moved from 5 mm (first trace) to 35 mm lateral to the midline. It is very obvious that the tip of the trigeminal needle is nearest the fiber bundle coming from the area centered on the 15 mm mark. plitude of the recorded potential. Therefore, in this case we assumed that the fiber bundle nearest the tip of the trigeminal electrode innervated the upper lip zone, which extended between 5 and 25 mm lateral to midline. In this example we moved the stimulating electrodes to demonstrate how the amplitude of the response could be affected; for practical purposes, the surface electrodes should be positioned at the most painful site or where a trigger area is present and the trigeminal electrode gently moved to achieve the best possible recording. This is the most critical maneuver of the whole procedure, because very small adjustments of the trigeminal electrode may not be easily achieved, particularly in the lateral direction.
Step 4: Checking Motor Responses. Responses from the masseter muscle had amplitudes proportional to the proximity of the trigeminal needle to the motor fibers and to intensity of stimulation. Figure 3 shows an example of a motor response obtained when the trigeminal electrode was in the wrong position with respect to the sensory fibers, and obviously near the motor fibers (as indicated by low-amplitude recordings after stimulation of the infraorbital nerve, giving rise to a response less than 28 V).
The response shown was obtained with a stimulus intensity of 0.5 mA passed through the bipolar trigeminal electrode; it had a peak-to-peak amplitude of 85 V and was accompanied by a visible threshold contraction of the masseter. The amount of voltage needed to evoke a similar response by means of the more traditional method of monopolar constant-voltage stimulation was 1.2 V. Of course, in this situation no lesion was made and the trigeminal electrode was moved to a more suitable site, at which sensory recordings greater than 38 V were obtained. At this new position the motor threshold was considerably increased. With monopolar constant-voltage stimulation, visible twitches of the masseter or other ipsilateral masticatory muscles could not be observed even with a 3-V stimulus. Using our trigeminal electrode arrangement, stimuli of 1.5 mA could not evoke any detectable movement and elicited an EMG response with 10 V-amplitude.
In all of our patients, after the trigeminal electrode had been satisfactorily positioned according to the sensory recordings, motor responses from the masseter muscle would not exceed 50 V peak-to-peak amplitude with maximum stimulus intensity of 1 mA, corresponding in our experimental group to a monopolar constant-voltage stimulation of approximately 2 V. We conclude that, given our conditions, if a stimulus delivered via the modified trigeminal electrode with a maximum intensity of 1 mA did not evoke a motor response greater than 50 V, this would be safe enough.
Step 5: Checking the Effect of Thermolesions. Once the trigeminal electrode was properly positioned, it was connected monopolarly to the radiofrequency lesion generator, and a series of lesions were made. As in all of our cases the lesions were directed at the second division; only the scalp responses after stimulation of the infraorbital nerve are shown here.
After the first lesion in four cases, the amplitude of W 2 increased to approximately 150% of its previous value. A decrease compared to the initial amplitude was noticeable by the third or fourth lesion, when a slight increase in latency would sometimes be noticeable as well. An example of these readings is given in Fig. 4 . Lesions were discrete, and perhaps we might have missed the increase in amplitude had they been more intense. In the other cases W 2 began to decrease by the second lesion. We always stopped making lesions after the W 2 had decreased by 50% of its initial amplitude or its latency increased by 0.30 msec. We considered a lesion to be satisfactory if it produced a decrease in the amplitude of W 2 between 20% and 50% (as reported in Column 3, Table 4 ).
Short-Term Postoperative Clinical Evaluation
Details of pre-and postoperative conditions are given in Table 4 , together with an arbitrary score assigned to indicate the adequacy of the electrode positioning and the lesion making, as judged by the TEPs. Pain relief (Table  4) was complete in 20 of 25 patients affected by the essential form of trigeminal neuralgia and in all five of the patients with neuralgia secondary to multiple sclerosis. In two patients there was slight pain without need for treatment (✧), in two patients pain relief was satisfactory (✧✧), and in one patient there was no pain relief (✧✧✧). Pinprick sensitivity was slightly impaired in 22 of the 30 patients undergoing operation, whereas light tactile sensitivity never seemed impaired, although 12 patients reported a slight feeling of numbness in the upper lip. That sen- sation, however, was hardly noticeable and was never described as annoying. Weakness of the masticatory muscles could be detected in five patients and that happened only in those cases in which an optimum positioning of the trigeminal needle had not been achieved.
Scalp TEPs in Patients With Prior Surgery
These patients, because of a previous operation, had developed a full anesthesia of half the face. The scalp TEPs obtained by stimulation of the infraorbital nerve were altered, with complete absence of W 2 and all the subsequent components, whereas W 1 was normal. An example of these undesirable alterations is given in Fig. 5 . In contrast to these cases, none of our patients ever developed annoying anesthesia. Therefore it is recommended that the alteration of W 2 should not exceed the maximum amount that we have reported in this paper.
Discussion
The results that we have reported are limited to operations performed in patients experiencing pain in the second trigeminal branch. We have temporarily focused our attention on these cases for several reasons. First, pain in the second branch is the most common occurrence. Second, the origins of the scalp-recorded waves and normative data have been clearly established for this branch only. Third, the amplitude of the scalp response is larger after stimulation of this branch, and possible changes are most easily detected. Fourth, we wished to describe in as much detail as possible the criteria for evaluating the extent of thermolesioning; these have to be based on scalp-recorded evoked potentials that are slightly but definitely different according to the stimulated peripheral branch. We believe that it would have been confusing to try to investigate and describe at the same time the findings from all three branches. Fifth, placement of stimulating electrodes is easier in the infraorbital nerve than for the other peripheral trunks. Although it is advisable to monitor the activity from the other branches, this may not be absolutely necessary in practice. If others wish to experiment with this technique, they may find it easier to start with stimulation of the infraorbital branch. In addition to the above considerations, it should be noted that thermorhizotomies are usually avoided in patients with pain within the first division, and we obviously did not wish to test a new technique in these cases. However, we expect that, once our method has been further perfected, it may provide a safe way to identify the root bundles belonging to the corneal afferents and thus avoid damage to these while making a very accurate lesion in other fibers innervating the trigger areas within the first branch.
Our procedure gives objective information about placement of the trigeminal electrode for lesion making and about the effect of the lesion. Information on the position
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Trigeminal evoked potential-monitored thermorhizotomy 937 of the trigeminal electrode and its movements relative to the trigeminal afferent pathway is gathered directly from the recordings made via the electrode itself. It is essential that a very close bipolar configuration be used, and we prepared our electrode with this in mind. The grossly misleading results that may be obtained by means of a monopolar configuration when directly recording from the trigeminal structures have already been described and discussed. 11 The close bipolar configuration that we used ensured that only the activity in the immediate vicinity of the tip of the electrode is recorded, and even the slightest movement of it may drastically change the amplitude and waveform recorded, thus giving a very precise indication of its position relative to the activated fiber bundle. The main criterion to establish that the electrode tip was near enough to the desired fibers was the amplitude of the first main peak, reflecting fast-conducted activity (the quantitative data are described in the Results section). A further, no less important, principle that can be derived from our records is that proximity to activated fibers may also be shown by the appearance of a relevant number of smaller but very definite peaks following the first one, reflecting the activity of slower-conducting fibers. With this method the precision with which the fiber bundles can be located is dependent only on the field of view of the trigeminal electrode, which, in turn, depends mainly on the distance between the two conducting surfaces at its tip. The precision achieved using our methods was such that sometimes we had difficulty making the fine adjustments of the trigeminal electrode, as suggested by the neurophysiological data. As a matter of fact, we believe that, to exploit the potential of our method fully, thinner coaxial electrodes with flexible and bending tips need to be developed. A project is now in progress in our and associated laboratories to achieve this aim.
The effect of the lesion is monitored via the variation of the scalp TEPs. So far we have not been able to identify reliable changes in the response recorded directly from the trigeminal electrode at the site of lesion; this is probably due to the fact that activity arising from the intact peripheral portion of the fibers is seen there. It is necessary to monitor the nerve activity at a site that is definitely past the lesion. The W 2 originates from the intermediate part of the retrogasserian root 5 and, in theory, should be an ideal candidate for lesion monitoring. Our recordings confirmed this hypothesis by showing alterations of W 2 that were consistent with the lesions made. Very serious lesions of the nerve that had been unintentionally produced by previous interventions performed at other institutions were very clearly and easily demonstrated by the complete absence of W 2 and of the subsequent components, as shown in Fig. 5 .
The scalp TEPs evoked by stimulation of the infraorbital nerve have been demonstrated to be extremely sensitive to lesions of the peripheral part of the pathway, even at subclinical levels. 10 They are altered in approximately 50% of the essential trigeminal neuralgias 6 and have been found to be altered in eight of our 25 cases of essential neuralgia and in all of our cases of multiple sclerosis. For monitoring the effect of thermolesion (Step 5), it is important that the W 2 component is visible and of sufficient amplitude to be used as a reference. Most of the preoperative alterations in our cases concerned the W 3 component, which therefore did not hamper the lesion monitoring. Only three cases of trigeminal neuralgia showed a slight preoperative delay of W 2 , which was, however, of sufficient amplitude to permit correct evaluation of postoperative data. Previous neurophysiological data 6, 10 and anatomical evidence 15 indicate that lesions at the root entry zone into the pons are responsible for the essential and multiple sclerosis forms of trigeminal neuralgia. It is to be expected that only occasional and slight alterations of W 2 will be found because this wave is generated peripherally to that site. It may be concluded that the scalp-recorded W 2 can be considered a reliable and safe reference for lesion monitoring. The purpose of this paper is to describe the technique that we have used and to show the theoretical and practical advantages that it offers at the time of operation. The immediate clinical results were very satisfactory. The outcomes in terms of long-term pain relief and quantitative analysis of sensitivity will be reported in a subsequent paper. It should be noted that the clinical results were best when the electrophysiological data indicated a satisfactory positioning of the trigeminal electrode and a suitable lesion, and no or very little masticator weakness ensueda further sign that the lesion had been made in the right place. It is probable that because of the high degree of precision in the lesion making, pain relief was achieved at little expense in terms of sensory loss, a most annoying effect that may trouble the patient even more than the neuralgic pain.
Performing the thermorhizotomy under uninterrupted anesthesia prevents the possibility of immediately checking that the pain has actually diminished. This is not an easy task even if the individual is awake, as in traditional thermorhizotomy, because being heavily sedated the patient may not complain of pain during the operation. The possibility of making accurate lesions greatly outweighs the loss of this feature of traditional thermorhizotomy.
The procedure that we propose is a considerable change in the technique of thermorhizotomy. The instrumental data guide every step of the technique, so that the operation may be considered a purely neurophysiological one, from beginning to end. It is, in our opinion, the first neurosurgical procedure to rely entirely on this type of information, although others may use neurophysiological monitoring as an adjunct.
